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Abstract
The most recent LHC data have provided a considerable improvement in the precision
with which various Higgs production and decay channels have been measured. Using all
available public results from ATLAS, CMS and the Tevatron, we derive for each final
state the combined confidence level contours for the signal strengths in the (gluon fusion
+ ttH associated production) versus (vector boson fusion + VH associated production)
space. These “combined signal strength ellipses” can be used in a simple, generic way to
constrain a very wide class of New Physics models in which the couplings of the Higgs
boson deviate from the Standard Model prediction. Here, we use them to constrain
the reduced couplings of the Higgs boson to up-quarks, down-quarks/leptons and vector
boson pairs. We also consider New Physics contributions to the loop-induced gluon-gluon
and photon-photon couplings of the Higgs, as well as invisible/unseen decays. Finally,
we apply our fits to some simple models with an extended Higgs sector, in particular
to Two-Higgs-Doublet models of Type I and Type II, the Inert Doublet model, and the
Georgi–Machacek triplet Higgs model.
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1 Introduction
That the mass of the Higgs boson is about 125–126 GeV is a very fortunate circumstance
in that we can detect it in many different production and decay channels [1, 2]. Indeed, many
distinct signal strengths, defined as production×decay rates relative to Standard Model (SM)
expectations, µi ≡ (σ × BR)i/(σ × BR)SMi , have been measured with unforeseeable precision
already with the 7–8 TeV LHC run [3,4]. From these signal strengths one can obtain information
about the couplings of the Higgs boson to electroweak gauge bosons, fermions (of the third
generation) and loop-induced couplings to photons and gluons.
According to the latest measurements presented at the 2013 Moriond [3–17] and LHCP [18–
20] conferences, these couplings seem to coincide well with those expected in the SM. This poses
constraints on various beyond the Standard Model (BSM) theories, in which these couplings
can differ substantially from those of the SM. The Higgs couplings can be parametrized in
terms of effective Lagrangians [21–57] whose structure depends, however, on the class of mod-
els considered, such as extended Higgs sectors, extra fermions and/or scalars contributing to
loop diagrams, composite Higgs bosons and/or fermions, nonlinear realizations of electroweak
symmetry breaking, large extra dimensions, Higgs–dilaton mixing and more.
When such generalized couplings are used to fit the large number of measurements of signal
strengths now available in different channels, one faces the problem that the experimentally
defined signal categories (based on combinations of cuts) nearly always contain superpositions
of different production modes and thus errors (both systematic and statistical) in different
channels are correlated. Ideally one would like to fit not to experimentally defined categories
but rather to the different production and decay modes which lead to distinct final states and
kinematic distributions. The five usual theoretically “pure” production modes are gluon–gluon
fusion (ggF), vector boson fusion (VBF), associated production with aW or Z boson (WH and
ZH, commonly denoted as VH), and associated production with a top-quark pair (ttH). The
scheme conveniently adopted by the experimental collaborations is to group these five modes
into just two effective modes ggF + ttH and VBF + VH and present contours of constant
likelihood L for particular final states in the µ(ggF + ttH) versus µ(VBF + VH) plane. This is
a natural choice for the following reasons:
• Deviations from custodial symmetry, which implies a SM-like ratio of the couplings to W
and Z gauge bosons, are strongly constrained by the Peskin–Takeuchi T parameter [59,60]
from electroweak fits [61]. Furthermore, there is no indication of such deviation from the
Higgs measurements performed at the LHC [3, 4]. Hence, one can assume that the VBF
and VH production modes both depend on a single generalized coupling of the Higgs boson
to V =W,Z and it is therefore appropriate to combine results for these two channels.
• Grouping ggF and ttH together is more a matter of convenience in order to be able to
present two-dimensional likelihood plots. Nonetheless, there are some physics motivations
for considering this combination, the primary one being that, in the current data set, ggF
and ttH are statistically independent since they are probed by different final states: ttH
via H → bb¯ and ggF via a variety of other final states such as γγ and ZZ∗. While
the ttH production rate depends entirely on the Htt¯ coupling, ggF production occurs at
one loop and is sensitive to both the Htt¯ coupling and the Hbb¯ couplings as well as to
BSM loop diagrams. Although in the SM limit ggF is roughly 90% determined by the
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Htt¯ coupling, leading to a strong correlation with the ttH process, this need not be the
case in models with suppressed Htt¯ coupling and/or enhanced Hbb¯ coupling and most
especially in models with BSM loops.
The final states in which the Higgs is observed include γγ, ZZ(∗), WW (∗), bb¯ and ττ . How-
ever, they do not all scale independently. In particular, custodial symmetry implies that the
branching fractions into ZZ(∗) and WW (∗) are rescaled by the same factor with respect to the
SM. We are then left with two independent production modes (VBF+VH) and (ggF+ttH), and
four independent final states γγ, V V (∗), bb¯, ττ . In addition, in many models there is a common
coupling to down-type fermions and hence the branching fractions into bb¯ and ττ rescale by a
common factor, leading to identical µ values for the bb¯ and ττ final states.
The first purpose of the present paper is to combine the information provided by ATLAS,
CMS and the Tevatron experiments on the γγ, ZZ(∗), WW (∗), bb¯ and ττ final states including
the error correlations among the (VBF+VH) and (ggF+ttH) production modes. Using a Gaus-
sian approximation, we derive for each final state a combined likelihood in the µ(ggF + ttH)
versus µ(VBF + VH) plane, which can then simply be expressed as a χ2. (Note that this does
not rely on ggF production being dominated by the top loop.) We express this χ2 as
χ2i = ai(µ
ggF
i − µˆggFi )2 + 2bi(µggFi − µˆggFi )(µVBFi − µˆVBFi ) + ci(µVBFi − µˆVBFi )2 , (1)
where the upper indices ggF and VBF stand for (ggF+ttH) and (VBF+VH), respectively, the
lower index i stands for γγ, V V (∗), bb¯ and ττ (or bb¯ = ττ), and µˆggFi and µˆ
VBF
i denote the best-
fit points obtained from the measurements. We thus obtain “combined likelihood ellipses”,
which can be used in a simple, generic way to constrain non-standard Higgs sectors and new
contributions to the loop-induced processes, provided they have the same Lagrangian structure
as the SM.
In particular, these likelihoods can be used to derive constraints on a model-dependent
choice of generalized Higgs couplings, the implications of which we study subsequently for
several well-motivated models. The choice of models is far from exhaustive, but we present our
results for the likelihoods as a function of the independent signal strengths µi in such a manner
that these can easily be applied to other models.
We note that we will not include correlations between different final states but identical
production modes which originate from common theoretical errors on the production cross sec-
tions [51, 57] nor correlations between systematic errors due to common detector components
(like EM calorimeters) sensitive to different final states (such as γγ and e− from ZZ(∗) and
WW (∗)). A precise treatment of these ‘2nd order’ corrections to our contours is only possible if
performed by the experimental collaborations. It is however possible to estimate their impor-
tance, e.g., by reproducing the results of coupling fits performed by ATLAS and CMS, as done
for two representative cases in Appendix B. The results we obtain are in good agreement with
the ones published by the experimental collaborations.
In the next Section, we will list the various sources of information used for the determination
of the coefficients ai, bi, ci, µˆ
ggF
i and µˆ
VBF
i , and present our results for these parameters. In
Section 3, we parametrize the signal strengths µi in terms of various sets of Higgs couplings,
and use our results from Section 2 to derive χ2 contours for these couplings. In Section 4, we
apply our fits to some concrete BSM models, which provide simple tree-level relations between
the generalized Higgs couplings to fermions and gauge bosons. Our conclusions are presented
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in Section 5. The Appendix contains clarifying details on Eq. (1) as well as a comparison with
coupling fits performed by ATLAS and CMS.
2 Treatment of the experimental results and combined
signal strength ellipses
The aim of the present section is to combine the most recent available information on signal
strengths from the ATLAS, CMS and Tevatron experiments for the various Higgs decay modes.
In most cases, these include error correlations in the plane of the (VBF+VH) and (ggF+ttH)
production modes. For practical purposes it is very useful to represent the likelihoods in these
planes in the Gaussian approximation. Once the expressions for the various χ2i are given in the
form of Eq. (1), it becomes straightforward to evaluate the numerical value of χ2 =
∑
i χ
2
i in
any theoretical model with SM-like Lagrangian structure, in which predictions for the Higgs
branching fractions and the (VBF+VH) and (ggF+ttH) production modes (relative to the SM)
can be made.
From the corresponding information provided by the experimental collaborations one finds
that the Gaussian approximation is justified in the neighborhood (68% confidence level (CL)
contours) of the best fit points. Hence we parametrize these 68% CL contours, separately for
each experiment, as in Eq. (1).1 Occasionally, only a single signal rate including error bars
for a specific final state is given. Using the relative contributions from the various production
modes, this kind of information can still be represented in the form of Eq. (1), leading to an
“ellipse” which reduces to a strip in the plane of the (VBF+VH) and (ggF+ttH) production
modes.
Subsequently these expressions can easily be combined and be represented again in the form
of Eq. (1). We expect that the result is reliable up to χ2i <∼ 6 (making it possible to derive 95%
CL contours), but its extrapolation to (much) larger values of χ2i should be handled with care.
Starting with the H → γγ final state, we treat in this way the 68% CL contours given by
ATLAS in [4,6,8], by CMS in [3,11,20]2 and the Tevatron in [18]. (In the case of the Tevatron,
for all final states only a strip in the plane of the (VBF+VH) and (ggF+ttH) production modes
is defined.) For the combination of the ZZ and WW final states, we use the 68% CL contours
given by ATLAS for ZZ in [4, 7, 8], by CMS for ZZ in [3, 12], by ATLAS for WW in [4, 9], by
CMS for WW in [3, 13, 15] and by the Tevatron for WW in [18]. For the combination of the
bb¯ and ττ final states, we use the “strip” defined by the ATLAS result for bb¯ in associated VH
production from [62], the 68% CL contour given by CMS for bb¯ in [19], the Tevatron result for bb¯
from [18] and combine them with the ATLAS 68% CL contour for ττ from [4,63] and the CMS
68% CL contours for ττ from [3,14]. We also use the ATLAS search for ZH → ℓ+ℓ−+invisible,
extracting the likelihood from Fig. 10b of [5]. All the above 68% CL likelihood contours are
1This corresponds to fitting a bivariate normal distribution to the 68% CL contours. We have verified that
this reproduces sufficiently well the best fit points as well as the 95% CL contours; see Section 2 of Ref. [58] for
more detail.
2Note that we are using the MVA analysis for CMS H → γγ. The cut-based analysis (CiC) also presented
by CMS [10]—that leads to higher but compatible signal strengths—is unfortunately not available in the form
of contours in the plane of the (VBF+VH) and (ggF+ttH) production modes. Moreover, no information is
given on the sub-channel decomposition, so in fact the CMS CiC analysis cannot be used for our purpose.
3
µˆggF µˆVBF ρ a b c
γγ 0.98± 0.28 1.72± 0.59 −0.38 14.94 2.69 3.34
V V 0.91± 0.16 1.01± 0.49 −0.30 44.59 4.24 4.58
bb¯/ττ 0.98± 0.63 0.97± 0.32 −0.25 2.67 1.31 10.12
bb¯ −0.23± 2.86 0.97± 0.38 0 0.12 0 7.06
ττ 1.07± 0.71 0.94± 0.65 −0.47 2.55 1.31 3.07
Table 1: Combined best-fit signal strengths µˆggF, µˆVBF and correlation coefficient ρ for various
final states, as well as the coefficients a, b and c for the χ2 in Eq. (1).
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Figure 1: Combined signal strength ellipses for the γγ, V V = ZZ,WW and bb¯ = ττ channels.
The filled red, orange and yellow ellipses show the 68%, 95% and 99.7% CL regions, respectively,
derived by combining the ATLAS, CMS and Tevatron results. The red, orange and yellow line
contours in the right-most plot show how these ellipses change when neglecting the Tevatron
results. The white stars mark the best-fit points.
parametrized by ellipses (or strips) in χ2 as in Eq. (1), which can subsequently be combined.
(In Appendix A we clarify how these combinations are performed.)
The resulting parameters µˆggF, µˆVBF, a, b and c for Eq. (1) (and, for completeness, the
correlation coefficient ρ) for the different final states are listed in Table 1. The corresponding
68%, 95% and 99.7% CL ellipses are represented graphically in Fig. 1.
We see that, after combining different experiments, the best fit signal strengths are as-
tonishingly close to their SM values, the only exception being the γγ final state produced via
(VBF+VH) for which the SM is, nonetheless, still within the 68% CL contour. Therefore, these
results serve mainly to constrain BSM contributions to the properties of the Higgs boson.
The combination of the bb¯ and ττ final states is justified, in principle, in models where one
specific Higgs doublet has the same reduced couplings (with respect to the SM) to down-type
quarks and leptons. However, even in this case QCD corrections and so-called ∆b corrections
(from radiative corrections, notably at large tanβ, inducing couplings of another Higgs doublet
to b quarks, see e.g. [64, 65]) can lead to deviations of the reduced Hbb and Hττ couplings
from a common value. Therefore, for completeness we show the result for the bb¯ final state
only (combining ATLAS, CMS and Tevatron results as given in the previous paragraph) in the
fourth line of Table 1, and the resulting 68%, 95% and 99.7% CL contours in the left plot in
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Figure 2: Combined signal strength ellipses as in Fig. 1 but treating the couplings to bb¯ and ττ
separately.
Fig. 2. The result for the ττ final state only (combining ATLAS and CMS results as given in
the previous paragraph) is shown in the fifth line of Table 1, and the resulting 68%, 95% and
99.7% CL contours in the right plot in Fig. 2.
Before proceeding, a comment is in order regarding the impact of the Tevatron results.
While for the γγ and V V final states, our combined likelihoods are completely dominated by
the LHC measurements, to the extent that they are the same with or without including the
Tevatron results, this is not the case for the bb¯ final state. For illustration, in the plots for the
bb¯ final state in Figs. 1 and 2 we also show what would be the result neglecting the Tevatron
measurements.
3 Fits to reduced Higgs couplings
Using the results of the previous section, it is straightforward to determine constraints on
the couplings of the observed Higgs boson to various particle pairs, assuming only a SM-like
Lagrangian structure. As in [45], we define CU , CD and CV to be ratios of the H coupling to
up-type quarks, down-type quarks and leptons, and vector boson pairs, respectively, relative to
that predicted in the case of the SM Higgs boson (with CV > 0 by convention). In addition to
these tree-level couplings there are also the one-loop induced couplings of the H to gg and γγ.
Given values for CU , CD and CV the contributions of SM particles to the gg and γγ couplings,
denoted Cg and Cγ respectively, can be computed. We take into account NLO corrections to
Cg and Cγ as recommended by the LHC Higgs Cross Section Working Group [66]. In particular
we include all the available QCD corrections for Cg using HIGLU [67, 68] and for Cγ using
HDECAY [68,69], and we switch off the electroweak corrections. In some of the fits below, we will
also allow for additional New Physics contributions to Cg and Cγ by writing Cg = Cg + ∆Cg
and Cγ = Cγ +∆Cγ.
We note that in presenting one- (1D) and two-dimensional (2D) distributions of ∆χ2, those
quantities among CU , CD, CV , ∆Cg and ∆Cγ not plotted, but that are treated as variables, are
being profiled over. The fits presented below will be performed with and without allowing for
invisible decays of the Higgs boson. In the latter case, only SM decay modes are present. In the
former case, the new decay modes are assumed to produce invisible or undetected particles that
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Figure 3: ∆χ2 distributions in 1D and 2D for the fit of ∆Cg and ∆Cγ for CU = CD = CV = 1.
In the 1D plots, the solid (dashed) lines are for the case that invisible/unseen decays are absent
(allowed). In the 2D plot, the red, orange and yellow areas are the 68%, 95% and 99.7% CL
regions, respectively, assuming invisible decays are absent. The white star marks the best-fit
point. The black and grey lines show the 68% and 95% CL contours when allowing for invisible
decays.
would be detected as missing transverse energy at the LHC. A direct search for invisible decays
of the Higgs boson have been performed by ATLAS in the ZH → ℓ+ℓ−+EmissT channel [5] and
is implemented in the analysis. Thus, the total width is fully calculable from the set of Ci and
B(H → invisible) in all the cases we consider. (We will come back to this at the end of this
section.)
We begin by taking SM values for the tree-level couplings to fermions and vector bosons,
i.e. CU = CD = CV = 1, but allow for New Physics contributions to the couplings to gg and
γγ. The fit results with and without allowing for invisible/unseen Higgs decays are shown in
Fig. 3. We observe that the SM point of ∆Cg = ∆Cγ = 0 is well within the 68% contour
with the best fit points favoring a slightly positive (negative) value for ∆Cγ (∆Cg). Allowing
for invisible/unseen decays expands the 68%, 95% and 99.7% CL regions by only a modest
amount. This is in contrast to the situation at the end of 2012 [45,48], where some New Physics
contribution to both ∆Cg and ∆Cγ was preferred, and allowing for invisible decays had a large
effect; with the higher statistics and with the reduced γγ signal strength from CMS [11],
∆Cg and ∆Cγ are now much more constrained. The best fit is obtained for ∆Cg = −0.06,
∆Cγ = 0.13, Binv ≡ B(H → invisible) = 0 and has χ2min = 17.71 for 21 d.o.f. (degrees of
freedom)3, as compared to χ2 = 18.95 with 23 d.o.f. for the SM, so allowing for additional loop
contributions does not improve the fit.
Next, we allow CU , CD and CV to vary but assume that there is no New Physics in the gg
and γγ loops, i.e. we take ∆Cg = ∆Cγ = 0. Results for this case are shown in Fig. 4. We
observe that, contrary to the situation at the end of 2012 [45], the latest data prefer a positive
value of CU close to 1. This is good news, as a negative sign of CU—in the convention where
mt is positive—is quite problematic in the context of most theoretical models.
4 (We do not
3There are in total 23 measurements entering our fit, and we adopt the simple definition of the number of
d.o.f. as number of measurements minus number of parameters.
4If the top quark and Higgs bosons are considered as fundamental fields, it would require that the top quark
mass is induced dominantly by the vev of at least one additional Higgs boson which is not the Higgs boson
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Figure 4: Fit of CU , CD, CV for ∆Cg = ∆Cγ = 0. The plots show the 1D ∆χ
2 distribution
as a function of CU (left) and CV (right). The solid (dashed) lines are for the case that
invisible/unseen decays are absent (allowed).
show the distribution for CD here but just remark that |CD| ≃ 1 ± 0.2 with a sign ambiguity
following from the weak dependence of the gg and γγ loops on the bottom-quark coupling.)
For CV , we find a best-fit value slightly above 1, at CV = 1.07, but with the SM-like value of
CV = 1 lying well within one standard deviation.
Since CU < 0 is now disfavored and the sign of CD is irrelevant, we confine ourselves
subsequently to CU , CD > 0. In Fig. 5 we show ∆χ
2 distributions in 2D planes confined to this
range, still assuming ∆Cg = ∆Cγ = 0.
The mild correlation between CU and CD in the leftmost plot of Fig. 5 follows from the very
SM-like signal rates in the V V and γγ final states in ggF: varying CD implies a variation of
the partial width Γ(H → bb) which dominates the total width. Hence, the branching fractions
B(H → V V ) and B(H → γγ) change in the opposite direction, decreasing with increasing total
width (i.e. with increasing CD) and vice versa. In order to keep the signal rates close to 1,
the ggF production cross section, which is roughly proportional to C2U , has to vary in the same
direction as CD.
The best fit is obtained for CU = 0.88, CD = 0.94, CV = 1.04, Cγ = 1.09, Cg = 0.88 (and, in
fact, Binv = 0). Note that if CV > 1 were confirmed, this would imply that the observed Higgs
boson must have a significant triplet (or higher representation) component [71, 72]. Currently
the coupling fits are, however, perfectly consistent with SM values. Again, with a χ2min = 17.79
(for 20 d.o.f.) as compared to χ2 = 18.95 for the SM, allowing for deviations from the SM does
not significantly improve the fit.
In models where the Higgs sector consists of doublets+singlets only one always obtains
CV ≤ 1. Results for this case are shown in Fig. 6. Given the slight preference for CV > 1
in the previous free-CV plots, it is no surprise the CV = 1 provides the best fit along with
CU = Cg = 0.87, CD = 0.88 and Cγ = 1.03. Of course, the SM is again well within the 68%
CL zone.
The general case of free parameters CU , CD, CV , ∆Cg and ∆Cγ is illustrated in Fig. 7,
where we show the 1D ∆χ2 distributions for these five parameters (each time profiling over
the other four parameters). As before, the solid (dashed) lines indicate results not allowing for
considered here, and typically leads to various consistency problems as discussed, e.g., in [70].
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Figure 5: Fit of CU > 0, CD > 0 and CV for ∆Cg = ∆Cγ = 0. The red, orange and yellow areas
are the 68%, 95% and 99.7% CL regions, respectively, assuming invisible decays are absent.
The white star marks the best-fit point.
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Figure 6: As in Fig. 5 but for CV ≤ 1.
(allowing for) invisible/unseen decay modes of the Higgs. Allowing for invisible/unseen decay
modes again relaxes the ∆χ2 behavior only modestly. The best fit point always corresponds to
Binv = 0.
An overview of the current status of invisible decays is given in Fig. 8, which shows the
behavior of ∆χ2 as a function of Binv for various different cases of interest:
a) SM Higgs with allowance for invisible decays — one finds Binv < 0.09 (0.19);
b) CU = CD = CV = 1 but ∆Cγ ,∆Cg allowed for — Binv < 0.11 (0.29);
c) CU , CD, CV free, ∆Cγ = ∆Cg = 0, — Binv < 0.15 (0.36);
d) CU , CD free, CV ≤ 1, ∆Cγ = ∆Cg = 0 — Binv < 0.09 (0.24);
e) CU , CD, CV ,∆Cg,∆Cγ free — Binv < 0.16 (0.38).
(All Binv limits are given at 68% (95%) CL.) Thus, while Binv is certainly significantly limited
by the current data set, there remains ample room for invisible/unseen decays. At 95% CL, Binv
as large as ∼ 0.38 is possible. Here, we remind the reader that the above results are obtained
after fitting the 125.5 GeV data and inputting the experimental results for the (Z → ℓ+ℓ−) +
invisible direct searches. When CV ≤ 1, H → invisible is much more constrained by the global
fits to the H properties than by the direct searches for invisible decays, cf. the solid, dashed
and dash-dotted lines in Fig. 8. For unconstrained CU , CD and CV , on the other hand, cf.
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Figure 7: Five (six) parameter fit of CU , CD, CV , ∆Cg and ∆Cγ; the solid (dashed) curves are
those obtained when invisible/unseen decay modes are not allowed (allowed) for.
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Figure 8: ∆χ2 distributions for the branching ratio of invisible Higgs decays for various cases.
Solid: SM+invisible. Dashed: varying ∆Cg and ∆Cγ for CU = CD = CV = 1. Dotted:
varying CU , CD and CV for ∆Cg = ∆Cγ = 0. Dot-dashed: varying CU , CD and CV ≤ 1 for
∆Cg = ∆Cγ = 0. Crosses: varying CU , CD, CV , ∆Cg and ∆Cγ .
dotted line and crosses in Fig. 8, the limit comes from the direct search for invisible decays in
the ZH channel.
A comment is in order here. In principle there is a flat direction in the unconstrained LHC
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Figure 9: ∆χ2 distributions for the total Higgs decay width relative to SM, Γtot/Γ
SM
tot , on the
left without invisible decays, on the right including Binv as a free parameter in the fit. The
lines are for: CU , CD and CV ≤ 1 (dotted); CU , CD and free CV (dashed); and CU , CD, free
CV , ∆Cg, ∆Cγ (solid).
Higgs coupling fit when unobserved decay modes are present: setting CU = CD = CV ≡ C, so
that ratios of rates remain fixed, all the Higgs production×decay rates can be kept fixed to the
SM ones by scaling up C while adding a new, unseen decay mode with branching ratio Bnew
according to C2 = 1/(1 − Bnew) [73, 74], see also [75].5 In [48] we found that it is mainly CV
which is critical here, because of the rather well measured VBF→ H → V V channel. Therefore
limiting CV ≤ 1 gives a strong constraint on Bnew, similar to the case of truly invisible decays.
Concretely we find at 95% CL: i) Bnew < 0.21 for a SM Higgs with allowance for unseen decays;
ii) Bnew < 0.39 for CU = CD = CV = 1 but ∆Cγ,∆Cg allowed for; and iii) Bnew < 0.31 for
CU , CD free, CV ≤ 1 and ∆Cγ = ∆Cg = 0. For unconstrained CU , CD and CV , however, there
is no limit on Bnew.
With this in mind, the global fit we perform here also makes it possible to constrain the
Higgs boson’s total decay width, Γtot, a quantity which is not directly measurable at the LHC.
For SM + invisible decays, we find Γtot/Γ
SM
tot < 1.11 (1.25) at 68% (95%) CL. Figure 9 shows
the ∆χ2 as function of Γtot/Γ
SM
tot for the fits of: CU , CD, and CV ≤ 1; CU , CD, and CV free;
and CU , CD, CV , ∆Cg, ∆Cγ . The case of ∆Cg, ∆Cγ with CU = CD = CV = 1 is not shown;
without invisible decays we find Γtot/Γ
SM
tot = [0.98, 1.0] ([0.97, 1.02]) at 68% (95%) CL in this
case. Allowing for invisible decays this changes to Γtot/Γ
SM
tot = [0.97, 1.14], ([0.96, 1.46]), i.e. it
is very close to the line for CU , CD, CV ≤ 1 in the right plot of Fig. 9.
5We thank Heather Logan for pointing this out.
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4 Application to specific models
So far our fits have been largely model-independent, relying only on assuming the Lagrangian
structure of the SM. Let us now apply our fits to some concrete examples of specific models in
which there are relations between some of the coupling factors CI .
4.1 Two-Higgs-Doublet Models
As a first example, we consider Two-Higgs-Doublet Models (2HDMs) of Type I and Type II
(see also [47, 76–84] for other 2HDM analyses in the light of recent LHC data). In both cases,
the basic parameters describing the coupling of either the light h or heavy H CP-even Higgs
boson are only two: α (the CP-even Higgs mixing angle) and tanβ = vu/vd, where vu and vd are
the vacuum expectation values of the Higgs field that couples to up-type quarks and down-type
quarks, respectively. The Type I and Type II models are distinguished by the pattern of their
fermionic couplings as given in Table 2. The SM limit for the h (H) in the case of both Type I
and Type II models corresponds to α = β − π/2 (α = β). We implicitly assume that there are
no contributions from non-SM particles to the loop diagrams for Cγ and Cg. In particular, this
means our results correspond to the case where the charged Higgs boson, whose loop might
contribute to Cγ , is heavy.
The results of the 2HDM fits are shown in Fig. 10 for the case that the state near 125 GeV
is the lighter CP-even h. To be precise, the top row shows ∆χ2 contours in the β versus
cos(β − α) plane while the bottom row shows the 1D projection of ∆χ2 onto cos(β − α) with
β profiled over. For identifying the heavier H with the state near 125 GeV, replace cos(β − α)
by sin(β − α) in the 1D plots. (Since the ∼ 125 GeV state clearly couples to WW,ZZ we do
not consider the case where the A is the only state at ∼ 125 GeV.)
In the case of the Type I model, we note a rather broad valley along the SM limit of
cos(β − α) = 0, which is rather flat in tanβ; the 68% (95%) CL region extends to cos(β −
α) = [−0.31, 0.19] ([−0.45, 0.44]). The best fit point lies at β ≃ 0.02π and α ≃ 1.52π with
χ2min = 18.01 for 21 d.o.f. (to be compared to the SM χ
2
min = 18.95). Requiring tan β > 1,
this moves to β ≃ 0.25π, i.e. tan β just above 1, with α ≃ 1.71π and χ2min = 18.08. At 99.7%
CL, there is also a small island at cos(β − α) ≈ −0.5 and tanβ < 1, which corresponds to the
CU < 0 solution. (This is responsible for the splitting of the two lines at cos(β − α) . −0.5 in
the 1D plot.)
Type I and II Type I Type II
Higgs VV up quarks down quarks & up quarks down quarks &
leptons leptons
h sin(β − α) cosα/ sinβ cosα/ sin β cosα/ sin β −sinα/ cos β
H cos(β − α) sinα/ sinβ sinα/ sinβ sinα/ sinβ cosα/ cosβ
A 0 cot β − cot β cot β tan β
Table 2: Tree-level vector boson couplings CV (V = W,Z) and fermionic couplings CF normal-
ized to their SM values for the two scalars h,H and the pseudoscalar A in Type I and Type II
Two-Higgs-doublet models.
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Figure 10: Fits for the 2HDM Type I (left) and type II (right) models for mh = 125.5 GeV.
See text for details.
In contrast, for the Type II model, we observe two narrow 68% CL valleys in the β versus
cos(β − α) plane, one along the SM solution with the minimum again very close to β ≈ 0 and
a second banana-shaped one with tanβ & 5 (3) and cos(β − α) . 0.4 (0.6) at 68% (95%) CL.
This second valley is the degenerate solution with CD ≈ −1; it does not appear in Fig. 3 of [83]
because there CU , CD > 0 was implicitly assumed. The best fit point is very similar to that
for Type I: β ≃ 0.01π (0.25π) and α ≃ 1.5π (1.75π) with χ2min = 18.68 (18.86) for 21 d.o.f. for
arbitrary tan β (tan β > 1). Again, there is an additional valley very close to β ∼ 0, extending
into the negative cos(β − α) direction, which however does not have a 68% CL region. In 1D,
we find cos(β − α) = [−0.11, 0.50] at 95% CL.
Let us end the 2HDM discussion with some comments regarding the “other” scalar and/or
the pseudoscalar A. To simplify the discussion, we will focus on the mh = 125.5 GeV case.
First, we note that if the H and A are heavy enough (having masses greater than roughly
600 GeV) then their properties are unconstrained by LHC data and the global fits for the h
will be unaffected. If they are lighter then it becomes interesting to consider constraints that
might arise from not having observed them. Such constraints will, of course, depend upon
their postulated masses, both of which are independent parameters in the general 2HDM. For
purposes of discussion, let us neglect the possibly very important H,A→ hh decays. The most
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relevant final states are then H → V V and H,A→ ττ .
With regard to observing the heavy Higgs in the H → V V channels, we note that for the
H our fits predict the V V coupling to be very much suppressed in a large part (but not all)
of the 95% CL allowed region. While this implies suppression of the VBF production mode
for the H it does not affect the ggF production mode and except for very small V V coupling
the branching ratio of the H to V V final states declines only modestly. As a result, the limits
in the ZZ → 4ℓ channel [7], which already extend down to about 0.1×SM in the mass range
mH ≈ 180 − 400 GeV, and to about 0.8×SM at mH ≈ 600 GeV, can be quite relevant. For
instance, for a heavy scalar H of mass mH = 300 GeV, in the 95% CL region of our fits the
signal strength in the gg → H → ZZ channel ranges from 0 to 5.4 in Type I and from 0 to 33
in Type II. For mH = 600 GeV, we find µ(gg → H → ZZ) . 1.1 (0.6) in Type I (II). Further,
at the best-fit point for tan β > 1, µ(gg → H → ZZ) = 1.10 (0.08) at mH = 300 (600) GeV
in Type I and µ(gg → H → ZZ) = 0.12 (0.001) at mH = 300 (600) GeV in Type II, which
violate the nominal limits at mH = 300 GeV in both models. Note, however, that it is possible
to completely evade the 4ℓ bounds if H → hh decays are dominant.
Moreover, both the H and the A, which has no tree-level couplings to V V , may show up in
the ττ final state through ggF. Limits from ATLAS [85] range (roughly) from µ(gg → H,A→
ττ) < 2500 at mH,A = 300 GeV to < 21000 at mH,A = 500 GeV. These may seem rather
weak limits, but in fact the signal strengths for H → ττ and A→ ττ (relative to HSM) can be
extremely large. In the case of the A, this is because the A→ ττ branching ratio is generically
much larger than the HSM → ττ branching ratio, the latter being dominated by V V final states
at high mass. In the case of the H , the same statement applies whenever its V V coupling is
greatly suppressed. We find that only the Type I model with tanβ > 1 completely evades the
ττ bounds throughout the 95% CL region of the h fit since both the fermionic couplings of H
and A are suppressed by large tan β. In the Type II model, gg → A → ττ satisfies the ττ
bounds at 95% CL, but gg → H → ττ can give a very large signal. However, the best fit h
point for tanβ > 1 in Type II predicts µ(gg → H → ττ) values of 674 and 6.4 at 300 and
500 GeV, both of which satisfy the earlier-stated bounds. We also stress that no bounds are
available in the ττ channel above 500 GeV.
Clearly, a full study is needed to ascertain the extent to which limits in the H → ZZ and
H,A→ ττ channels will impact the portion of the α — β plane allowed at 95% CL after taking
into account Higgs-to-Higgs decays, which are typically substantial. This is beyond the scope
of this paper and will be presented elsewhere [86].
4.2 Inert Doublet Model
In the Inert Doublet Model (IDM) [87], a Higgs doublet H˜2 which is odd under a Z2
symmetry is added to the SM leading to four new particles: a scalar H˜ , a pseudoscalar A˜,
and two charged states H˜± in addition to the SM-like Higgs h.6 All other fields being even,
this discrete symmetry not only guarantees that the lightest inert Higgs particle is stable, and
thus a suitable dark matter candidate [88–91], but also prevents the coupling of any of the
inert doublet particles to pairs of SM particles. Therefore, the only modification to the SM-like
Higgs couplings is through the charged Higgs contribution to ∆Cγ . The scalar potential of the
6For distinction with the 2HDM, we denote all IDM particles odd under Z2 with a tilde.
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IDM is given by
V = µ21|H1|2 + µ22|H˜2|2 + λ1|H1|4 + λ2|H˜2|4 + λ3|H1|2|H˜2|2
+ λ4|H†1H˜2|2 +
λ5
2
[(
H†1H˜2
)2
+ h.c.
]
, (2)
where µ22 > −v2 is required in order that H˜02 not acquire a non-zero vev (which would violate
the symmetry needed for H˜ to be a dark matter particle). The crucial interactions implied by
this potential are those coupling the light Higgs h associated with the H1 field to pairs of Higgs
bosons coming from the H˜2 field. These are given by: −(2mW/g)λ3hH˜+H˜−, −(2mW/g)λLhH˜H˜
and −(2mW/g)λShA˜A˜ for the charged, scalar and pseudo scalar, respectively, where
λL,S =
1
2
(λ3 + λ4 ± λ5) . (3)
With these abbreviations, the Higgs masses at tree-level can be written as
m2h = µ
2
1 + 3λ1v
2, m2
H˜,(A˜)
= µ22 + λL(S) v
2, m2
H˜±
= µ22 +
1
2
λ3v
2 . (4)
Moreover, the couplings to the inert charged and neutral Higgses are related by
λ3
2
=
1
v2
(
m2
H˜+
−m2
H˜
)
+ λL . (5)
It is important to note that a priori m2
H˜,A˜,H˜+
are each free parameters and could be small
enough that h decays to a pair of the dark sector states would be present and possibly very
important. The h→ H˜H˜ and h→ A˜A˜ decays would be invisible and contribute to Binv for the
h; h→ H˜+H˜− decays would generally be visible so long as the H˜+ was not closely degenerate
with the H˜.
Theoretical constraints impose some conditions on the couplings. Concretely, we assume a
generic perturbativity upper bound |λi| < 4π, which, when coupled with the vacuum stability
and perturbative unitarity conditions on the potential, leads to λ3 > −1.5 and µ22 & −4.5 ×
104 GeV2 [91, 92]. We also adopt a lower bound of mH˜± > 70 GeV, as derived from chargino
limits at LEP [93, 94]. Note however that LHC exclusions for the SM Higgs do not apply to
members of the inert doublet because i) they do not couple to fermions and ii) trilinear and
quartic couplings to gauge bosons involve two inert Higgses.
Let us now turn to the fit results.7 First, we consider the case where mH˜ , mA˜ > mh/2—
the only deviation from the SM then arises from the charged Higgs contribution to ∆Cγ
parametrized by λ3 and mH˜±. The general one-parameter fit to the Higgs couplings leads
to the bounds −0.02 (−0.13) < ∆Cγ < 0.17 (0.26) at 1σ (2σ). The corresponding contours in
the mH˜± versus λ3 plane are shown in Fig. 11. Note that the 3rd equality of Eq. (4) and the
lower bound of µ22 & −4.5 × 104 GeV2 imply an upper bound on λ3 for any given mH˜± . This
excludes the large-λ3 region when mH˜+ >∼ 130 GeV. The impact of the global fit is confined to
the regionmH˜+ <∼ 130 GeV and |λ3| <∼ 2 (at 95% CL). The best fit point lies atmH˜+ = 170 GeV
and λ3 = −1.47.
7In our IDM fits, the hγγ coupling is computed with micrOMEGAs3 [99].
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Figure 11: Contours of 68%, 95%, 99.7% CL in the mH˜± versus λ3 plane for the IDM assuming
that there are no invisible decays of the SM-like Higgs h.
Second, we consider the case where the inert scalar is light and examine how invisible h→
H˜H˜ decays further constrain the parameters. The bounds on the invisible width actually lead
to a strong constraint on the coupling λL. The 1σ (2σ) allowed range is roughly λL×103 = ±4
(±7) for mH˜ = 10 GeV. This bound weakens only when the invisible decay is suppressed by
kinematics; for mH˜ = 60 GeV, we find λL × 103 = [−9, 7] ([−13, 12]) at 1σ (2σ). The ∆χ2
distributions of λL for mH˜ = 10 and 60 GeV are shown in the left panel in Fig. 12, with mH˜±
profiled over from 70 GeV to about 650 GeV (the concrete upper limit being determined by
the perturbativity constraint). This strong constraint on λL implies that it can be neglected
in Eq. (5) and that the charged Higgs coupling λ3 is directly related to mH˜± for a given mH˜ ,
as illustrated in the middle panel of Fig. 12 (here, the mass of the inert scalar is profiled
over in the range mH˜ ∈ [1, 60] GeV). As a result the value of Cγ is also strongly constrained
from the upper bound on the invisible width. For example for mH˜ = 10 GeV, we find that
Cγ = [0.940, 0.945] at 68% CL. Note that because mH˜± > mH˜ is needed in order to have
a neutral dark matter candidate, λ3 is always positive and therefore Cγ < 1. To approach
Cγ ≃ 1, the inert Higgs mass has to be close to the kinematic threshold, mH˜ → mh/2 so that
the constraint on λL is relaxed. For illustration, see the right panel in Fig. 12. These results
imply that with an improved accuracy on the measurements of the Higgs coupling, for example
showing that Cγ > 0.95, it would be possible to exclude light dark matter (mH˜ < 10 GeV) in
the IDM. Another consequence is that for a given mH˜ the perturbativity limit λ3 < 4π implies
an upper bound on the charged Higgs mass. For mH˜ ∈ [1, 60] GeV we obtain mH˜± < 620 GeV.
Finally note that the case where A˜ is the lightest neutral state and mA˜ < mh/2 is analogous
to the H˜ case just discussed, with mH˜ → mA˜ and λL → λS and leads to analogous conclusions.
Analyses of the Higgs sector of the Inert Doublet Model were also performed recently in [91,
95–98].
4.3 Triplet Higgs model
In this section we consider the model of [100] which combines a single Higgs doublet field
with Y = 0 and Y = ±1 triplet fields in such a way that custodial symmetry is preserved
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Figure 12: Left panel: ∆χ2 distribution of λL for mH˜ = 10 GeV (full line) and 60 GeV (dashed
line) with m
H˜+
profiled over its whole allowed range. Middle panel: relation between mH˜±
and λ3 with mH˜ profiled over from 1 to 60 GeV. Right panel: ∆χ
2 as function of Cγ for
mH˜ = 10 GeV (full line) and 60 GeV (dashed line) with mH˜± profiled over.
at tree level. The phenomenology of this model was developed in detail in [101, 102]. In
this model, the neutral doublet and triplet fields acquire vacuum expectation values given by
〈φ0〉 = a/√2 and 〈χ0〉 = 〈ξ0〉 = b, respectively. It is the presence of the two triplet fields and
their neutral members having the same vev, b, that guarantees ρ = 1 at tree level. The value of
v2 ≡ a2+8b2 = (246 GeV)2 is determined by theW,Z masses. However, the relative magnitude
of a and b is a parameter of the model. The relative mixture is defined by the doublet-triplet
mixing angle θH with cosine and sine given by cH =
a√
a2+8b2
and sH =
√
8b2
a2+8b2
. The angle θH
is reminiscent of the β angle of a 2HDM. Just like β, θH can be taken to lie in the 1st quadrant
so that both cH and sH are positive.
In this model, it is most natural to choose a Higgs sector potential that preserves the
custodial symmetry. ln this case, the Higgs eigenstates comprise a five-plet, a triplet and two
singlets, H01 and H
0 ′
1 . The Higgs bosons of the five-plet couple only to vector boson pairs and
those of the triplet couple only to fermion pairs. Further, the neutral members of the five-
plet and the triplet cannot mix (without violating the custodial symmetry). As a result, they
cannot describe the Higgs-boson like state seen at the LHC. In contrast, the H01 and H
0 ′
1 can
mix. Further, their reduced couplings are given by
CF (H
0
1 ) =
1
cH
, CV (H
0
1) = cH , CF (H
0 ′
1 ) = 0, CV (H
0 ′
1 ) =
2
√
2√
3
sH , (6)
where all fermionic couplings scale with the common factor CF . We see that in the limit cH → 1
the H01 looks exactly like the SM Higgs boson and the H
0 ′
1 has no tree-level couplings. More
generally, from these expressions, it is clear that only a Higgs state that is primarily H01 can
provide the SM-like signal rates that typify the ∼ 125.5 GeV state observed at the LHC.
The mixing of the H01 and H
0 ′
1 is determined by the mass-squared matrix:
M2H0
1
,H0 ′
1
=
(
c2H λ¯13 sHcH λ¯3
sHcH λ¯3 s
2
H λ¯23
)
v2 , (7)
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where we have defined
λ¯13 ≡ 8(λ1 + λ3) , λ¯23 ≡ 3(λ2 + λ3) , λ¯3 ≡ 2
√
6λ3 , (8)
where λ1,2,3 are couplings appearing in the full Higgs sector potential (see [101]), with λ1+λ3 > 0
and λ2 + λ3 > 0 required for stability in the asymptotic φ and χ directions, respectively, and
λ1λ2 + λ1λ3 + λ2λ3 > 0 required for positive mass-squared for the mass eigenstates coming
from the H01–H
0 ′
1 sector. Clearly, the mixing between H
0
1 and H
0 ′
1 vanishes in the limit of
λ3 → 0. More generally, the above mass-squared matrix will be diagonalized by a rotation
matrix specified by an angle for which we use the 2HDM-like notation, α. We define α using
the convention in which the Higgs boson mass eigenstates are given by
H = cosαH01 + sinαH
0 ′
1 , H
′ = − sinαH01 + cosαH0 ′1 . (9)
We can solve for the λ¯’s in terms of m2H and m
2
H′ and the mixing angle α:
λ¯13 =
m2Hc
2
α +m
2
H′s
2
α
c2Hv
2
, λ¯23 =
m2Hs
2
α +m
2
H′c
2
α
s2Hv
2
, λ¯3 =
(m2H −m2H′)sαcα
cHsHv2
, (10)
valid regardless of the relative size of m2H and m
2
H′ .
As regards the masses of the triplet members and of the five-plet members, we have degen-
eracy at tree-level within the two representations with
m2H5 = 3(λ5s
2
H + λ4c
2
H)v
2 , m2H3 = λ4v
2 , (11)
implying that these masses can be chosen independently of the H01–H
0 ′
1 sector.
The couplings of the H relative to the SM are:
CF =
cosα
cH
, CV = cH cosα +
2
√
2√
3
sH sinα . (12)
Note that if sH is sizable, then CV will be enhanced relative the SM value of 1 and the fermonic
couplings will also be enhanced. As noted earlier, the angle θH can be chosen to be in the
first quadrant: 0 ≤ θH ≤ π/2. For a full range of possible phenomenology, we must explore
0 ≤ α ≤ 2π. In passing, we note that if we require CF = 1 then cosα = cH , and plugging into
the expression for CV we find that c
2
H = 1 is required if we demand also that CV = 1.
The interesting question we want to answer is what does the LHC data allow for θH and
α. The result is shown in Fig. 13, on the left in the θH versus α plane and on the right in the
CV versus CF plane. As expected, the preferred region lies at small α and small θH , roughly
α ∈ [0, π/4] and θH ∈ [0, 0.1π], leading to a very SM-like picture in the CV versus CF plane.
At the best-fit point, α ∼ 0.2π, θH ∼ 0.07π, and taking mH′ = mH/2 (so as to avoid
H → H ′H ′ decays, see below), we find:
λ¯13 ∼ 0.21 , λ¯23 ∼ 2.93 , λ¯3 ∼ 0.42 , (13)
perfectly consistent with the vacuum stability conditions given earlier and with perturbativity
for the couplings themselves. As mH′ increases, λ¯23 increases (when holding α and θH at their
best-fit values). For example, at mH′ = 400 GeV, we have λ¯13 = 1.14, λ¯23 = 38.25 and
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Figure 13: Fit for the Georgi–Machacek triplet model [100] assuming that H = cosαH01 +
sinαH0 ′1 is the observed state at 125.5 GeV. (The right plot is also valid for 2HDMs of Type I.)
See text for details.
λ¯3 = −5.32. From Eq. (8) we see that this is still within the perturbative limits defined as
|λi| < 4π.
We have seen that the SM-like nature of the observed 125.5 GeV state requires small θH
and α, implying that the H state will be mostly H01 and that the H
′ state will be mostly H0 ′1 .
Further, from Eq. (7) and the above results for the λ¯i we see that it is most natural for the
mass of the H ′ to be smaller than the mass of the H for moderate values of the λi. This brings
up the possibility that H → H ′H ′ decays could be possible. If present, they would significantly
deplete the SM decay modes of the H and the fit to the data would be bad. The HH ′H ′
coupling is given by (using Eq. (2.21) of [101] and the notation cα ≡ cosα, sα ≡ sinα)
− 2HH ′2
[
4λ3c
3
αcH + 4[9(λ1 + λ3)− 2λ3]cαcHs2α +
√
6λ3cHs
3
α −
√
6λ3c
2
αsα(2cH − 9sH)
]
v .
(14)
At the best fit point, the coefficient of HH ′2 is ∼ −0.57v for mH′ = mH/2, falling slowly as
mH′ decreases. Since this is a large coupling, B(H → H ′H ′) would be large at the best-fit point
if this decay is allowed. Thus, our fitting results must be taken to apply only to the situation
where mH′ > mH/2. As discussed above, this presents no particular problem in the context of
the model.
There are also couplings of the H to pairs of five-plet or triplet members (Eq. (2.22) of
[101]). Thus, to avoid the associated decays of the H we need to require mH5 > mH/2 and
mH3 > mH/2, as Eq. (11) shows is easily arranged for appropriate choices of (the independent
parameters) λ4 and λ5. In fact, experimental limits on the charged Higgs members of the five-
plet and triplet from LEP [104] are of order 80 GeV and from LHC of order 120 GeV [105]
assuming decay to τ+ν. Limits on the doubly-charged Higgs of the 5-plet from the LHC [106]
are of order 300 GeV (for decays to two charged leptons). Thus it seems certain that the
(degenerate) masses of all the five-plet and all the triplet Higgses are necessarily > mH/2.
Note that this automatically means that the H → H03Z and H → H±3 W∓ decays which could
be significant (see Eq. (2.15) of [101]) will also be forbidden.
Of course, it is certainly interesting to consider the H ′ itself. Its couplings relative to the
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Figure 14: Fit of C ′V versus C
′
F of theH
′ in the Georgi–Machacek triplet Higgs model withmH =
125.5 GeV. The regions above and below the dashed lines are excluded by LEP constraints for
mH′ = 100 GeV.
SM are
C ′F = −
sinα
cH
, C ′V =
2
√
2√
3
sH cosα− cH sinα . (15)
For small α and θH , both will be small — the H
′ will be weakly coupled to both fermions and
vector bosons. This is illustrated by plotting the preferred regions in the C ′V versus C
′
F plane,
displayed in Fig. 14 (where we are assuming, as above, that H → H ′H ′ decays are forbidden).
In the mass region mH′ ∈ [mH/2, mH ] only LEP2 data could potentially yield direct con-
straints on the H ′. For the lower portion of this mass range, e+e− → Z∗ → ZH ′ limits are
significant and would eliminate some portion of the larger |C ′V | region of Fig. 14. Using Table
14 of [103] and noting that B(H ′ → bb) will be approximately the same as for a SM Higgs boson,
we see that C ′2V is limited to <∼ 0.028 at mH′ ∼ 63 GeV rising to <∼ 0.044 at mH′ = 80 GeV and
<∼ 0.24 at mH′ = 100 GeV. Thus, for the plot of Fig. 14 to not conflict with LEP2 95% CL lim-
its over the full 68% (95%) CL regions of the plot would require mH′ > 100 GeV (> 112 GeV).
For the best fit point, the LEP constraints are obeyed so long as mH′ > 85 GeV.
The fact that the H ′H03Z coupling is large (in fact, enhanced) for small θH will imply
constraints coming from e+e− → Z∗ → H ′H03 on the lower H ′ masses should mH3 be small
enough. For the mH′ = 85 GeV lower bound associated with the best-fit point (see above),
Table 18 of [103] shows that mH3 > 110 GeV is required, whereas for mH′ close to mH , there
are no constraints for any mH3 > mH/2. In any case, all such constraints are avoided if mH3 is
above mH , as easily arranged given Eq. (11), and almost guaranteed given the strong limits on
its degenerate charged Higgs partner discussed above.
Of course, to avoid LEP2 limits on the H ′ the easiest choice is to take mH′ > mH . In
this region, LHC constraints derived from the ZZ → 4ℓ channel must be examined. To do
so, we need to first recall that µ(X → H → 4ℓ) scales as C2XB(H → ZZ)/B(HSM → ZZ),
where X = ggF or VBF. Even though C ′2V is typically suppressed, e.g. C
′2
V ∼ 0.06 at the best
fit point for the H , since both the partial width and total width are typically dominated by
the V V final state B(H → ZZ)/B(HSM → ZZ) is typically of order 1. In this approximation
µ(VBF→ H ′ → ZZ) will be suppressed because of the suppressed C ′2V and µ(ggF→ H ′ → ZZ)
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will be suppressed by the small C ′2F values. Thus, except for the large C
′
V region of Fig. 14,
we expect that the LHC bounds are satisfied for any mH′ > mH . Further, H
′ → 4ℓ estimates
should also take into account H ′ → HH decays, present when mH′ > 2mH . These decays would
deplete the 4ℓ channel, making it easier to satisfy the 4ℓ constraints. LHC constraints on the
HH type final state are not currently available from ATLAS and CMS. Finally, the H ′ → ττ
partial width will not be enhanced in this model since |C ′F | < 1 (see Fig. 14). Coupled with
the reduced ggF rate, this will mean (unlike the 2HDM models) that the constraints from this
channel will not impact the 95% CL region of the H fit even before allowing for H ′ → HH
decays.
5 Conclusions
Using all publicly available results from the LHC and Tevatron experiments, we determined
combined likelihood ellipses for the Higgs signal around 125.5 GeV in the (ggF+ttH) versus
(VBF+VH) production plane for various independent final states: γγ, ZZ, WW , ττ and bb.
We presented parameterizations of these ellipses that should be of general utility for exploring
different types of models.
Any model in which the Lagrangian structure has a SM-like form can be parameterized
via scaling factors, CU , CD and CV , for the up-quark, down-quark, lepton and vector boson
couplings (relative to SM values), respectively. Additional New Physics contributions to the
one-loop gluon and photon couplings can be allowed for by writing scaling factors for the gg
and γγ couplings in the form Cg = Cg + ∆Cg and Cγ = Cγ + ∆Cγ where the Cg,γ values are
those predicted for given CU , CD and CV using SM particle loops only. We can also allow for
invisible/unseen decay modes of the Higgs by adding an invisible component to Higgs decays
parameterized by Binv. In terms of these input parameters, the χ2 associated with each ellipse
can be calculated. In this way, we were able to explore the behavior of the total χ2 as a function
of any one parameter (profiling over the other parameters that were allowed to vary freely in
a given case) and also to determine the 68%, 95% and 99.7% contours in various 2-D planes of
any two of the freely varying parameters.
The most general fits considered were those in which CU , CD, CV ,∆Cg,∆Cγ were all allowed
to vary freely. If there are no unseen (as opposed to truly invisible) decay modes of the Higgs,
one finds that the observed 125.5 GeV state prefers to have quite SM-like couplings whether
or not Binv = 0 is imposed — more constrained fits, for example taking ∆Cg = ∆Cγ = 0 while
allowing CU , CD, CV to vary, inevitably imply that the other parameters must lie even closer
to their SM values.
Allowing for invisible decays of the 125.5 GeV state through Binv > 0 does not change
the best-fit parameter values but does widen the ∆χ2 distributions somewhat leading to im-
portant implications, e.g., for decays into dark matter particles. In particular, we found that
at 95% CL there is still considerable room for such Higgs decays, up to Binv ∼ 0.38 when
CU , CD, CV ,∆Cg,∆Cγ are all allowed to vary independently of one another. In comparison, a
fit for which CU , CD are allowed to vary freely, but CV ≤ 1 is required (as appropriate for any
doublets+singlets model) and ∆Cg = ∆Cγ = 0 is imposed, yields Binv <∼ 0.24 at 95% CL. Even
requiring completely SM couplings for the Higgs (CU = CD = CV = 1, ∆Cg = ∆Cγ = 0) still
allows Binv ≤ 0.19 at 95% CL. It is worthwhile noting that for CV ≤ 1, the limits on Binv from
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global coupling fits are currently more constraining than those from direct searches for invisible
decays, e.g., in the ZH → ℓ+ℓ− + EmissT mode; thus for CV ≤ 1 the limits on merely unseen
(i.e. not strictly invisible) decays are similar to the ones on Binv.
As part of the fitting procedure, the total width of the Higgs relative to the SM prediction
is computed as a function of the parameters and a ∆χ2 distribution for Γtot/Γ
SM
tot is obtained.
Assuming no unseen, but potentially visible, decays, we found Γtot/Γ
SM
tot ∈ [0.5, 2] at 95%
CL for the case where CU , CD, CV ,∆Cg,∆Cγ and Binv are all allowed to vary freely, while
Γtot/Γ
SM
tot ∈ [1, 1.25] at 95% CL if CU = CD = CV = 1, ∆Cg = ∆Cγ = 0 are imposed and only
Binv ≥ 0 is allowed for. These are useful limits given the inability to directly measure Γtot at
the LHC. Of course, if there are unseen (but not invisible) decays, there is a flat direction that
would prevent setting limits on the total width.
In the second part of the paper, we then examined implications of these results in the context
of some simple concrete models with an extended Higgs sector: the Type I and Type II Two-
Higgs-doublet models; the Inert Doublet Model; and the custodially symmetric triplet Higgs
model. Concretely, we used the combined likelihood ellipses to constrain the parameter spaces
with corresponding implications for the properties of the other Higgs boson(s) of the model.
In particular, the ability to discover a 2nd neutral Higgs boson with mass above 125.5 GeV in,
e.g., the 4ℓ mode can be quantified.
In the 2HDM, enhancement of the signal strength for a 2nd neutral (scalar or pseudoscalar)
Higgs boson with mass above 125.5 GeV can occur in both the 4ℓ and ττ channels. Therefore
additional constraints on α and β can be set unless the decay of the heavier Higgs to a pair
of the 125.5 GeV states dominates. Generally the signals in both channels can be at a level of
interest for future LHC runs. In the triplet model, when the second Higgs, H ′, is heavy the
LHC bounds in both the H ′ → 4ℓ and H ′ → ττ channel are generally satisfied even without
taking into account the heavy Higgs decays into pairs of 125.5 GeV Higgses. Only the region of
parameter space with large C ′V requires a large branching fraction into Higgs pairs to deplete
the 4ℓ signal. We stress that in both these models the heavy Higgs to Higgs pair decays are
generically important when allowed, implying that ways must be found to be sensitive to the
4b, bb¯ττ and 4τ final states resulting therefrom.
In the Inert Doublet Model, the inert Higgs states can only be pair-produced and therefore
are not currently constrained. However, we showed that the bound on the invisible decay of the
125.5 GeV SM-like Higgs, relevant when one inert Higgs is lighter than ≈ 60 GeV, constrains
the allowed range for the two-photon width. Thus, a precise determination of Cγ could rule
out light inert Higgs dark matter.
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A Combining likelihoods of different experiments in the
Gaussian approximation
As function of the model-dependent signal rates µi (where i stands for γγ, V V
(∗), bb¯ and
ττ (or bb¯ = ττ)), the likelihoods in the Gaussian approximation in the µ(ggF + ttH) versus
µ(VBF + VH) plane obtained by the experiment j (where j stands for ATLAS, CMS or the
Tevatron) can be expressed as χ2i,j with
χ2i,j = ai,j(µ
ggF
i − µˆggFi,j )2 + 2bi,j(µggFi − µˆggFi,j )(µVBFi − µˆVBFi,j ) + ci,j(µVBFi − µˆVBFi,j )2
≡ ai,j(µggFi )2 + ci,j(µVBFi )2 + 2bi,jµggFi µVBFi + di,jµggFi + ei,jµVBFi + . . . , (16)
where µˆggFi,j and µˆ
VBF
i,j denote the best-fit points of the experiment j.
8 The dots denote terms
independent of µi, which are irrelevant for χ
2
i relative to the best-fit points as defined in Eq. (1).
di,j and ei,j are given by
di,j = −2ai,jµˆggFi,j − 2bi,jµˆVBFi,j , ei,j = −2ci,jµˆVBFi,j − 2bi,jµˆggFi,j . (17)
Combining experiments leads to
χ2i = ai(µ
ggF
i )
2 + ci(µ
VBF
i )
2 + 2biµ
ggF
i µ
VBF
i + diµ
ggF
i + eiµ
VBF
i , (18)
with
ai =
∑
j
ai,j, bi =
∑
j
bi,j, ci =
∑
j
ci,j , di =
∑
j
di,j, ei =
∑
j
ei,j . (19)
From (18) one obtains Eq. (1) with
µˆggFi =
biei − cidi
2(aici − b2i )
, µˆVBFi =
bidi − aiei
2(aici − b2i )
. (20)
B Comparison with ATLAS and CMS couplings fits
Coupling fits using all available results up to the Moriond 2013 conference have been per-
formed individually by ATLAS and CMS [3, 4]. While the present paper aims at presenting
combined results from ATLAS, CMS and Tevatron using parameterizations motivated by var-
ious models of New Physics, the coupling fits made by ATLAS and CMS that combine the
information from different channels can be used to check the robustness of the implementation
of the experimental searches as presented in Section 2. In particular, deviations of our results
from those obtained by the ATLAS and/or CMS give a measure for the importance of the
missing correlations mentioned at the end of Section 1.
8Of course χ2i,j defined in this way is not an absolute χ
2, but rather a ∆χ2 relative to the best fit value of
the experiment in a given channel.
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For the aim of comparison, we have performed fits to the (CF , CV ) and (Cg, Cγ) couplings,
using separately only ATLAS or CMS data up to the Moriond 2013 conference. Figure 15
compares our results to those published by ATLAS [4] and CMS [3]. We obtain good agreement
in all four cases. The ATLAS (CMS) best fit points are at distances of
√
(∆CV )2 + (∆CF )2 =
0.03 (0.07) and
√
(∆Cγ)2 + (∆Cg)2 = 0.04 (0.05) from the reconstructed best fit points, and
good coverage of the 68% and 95% CL regions is observed.
For completeness, we note that our fit for (CF , CV ) combining ATLAS and CMS results up
to the LHCP 2013 conference can be seen in the right plot of Fig. 13, and the one for (Cg, Cγ)
in the middle plot in Fig. 3, taking Cg,γ = 1 +∆Cg,γ .
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Figure 15: Fit to the couplings (CF , CV ) (left) and (Cg, Cγ) (right) using separately results from
ATLAS and CMS up to the Moriond 2013 conference. The black and grey (dark blue and light
blue) contours show the 68% and 95% CL regions for ATLAS (CMS), respectively. The solid
contours correspond to the results published by the experimental collaborations, while dashed
contours have been obtained using the fitted signal strength ellipses as determined using the
separate data for ATLAS (CMS) in the manner described in Section 2.
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